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INTEGRATED CIRCUIT ARRANGEMENT
COMPRISING A FIELD EFFECT
TRANSISTOR, ESPECIALLY A TUNNEL
FIELD EFFECT TRANSISTOR

This application is a divisional of U.S. Pat. No. 8,629,500,
U.S. application Ser. No. 11/816,822, filed on Jun. 12, 2008,
which is a National Stage Entry of PCT Application PCT/
EP05/56659 filed on Dec. 9, 2005, which claims priority to
German Patent Application 10 2005 007 822.2 filed on Feb.
21, 2005, which are all incorporated herein by reference.

The first FET therefore has two connection regions which
are doped in accordance with mutually different doping
types, i.e. n-doped and p-doped. The first FET is preferably
operated in the reverse direction, such that a tunnel field effect
transistor arises. However, operation in the forward direction
is also possible. In the tunnel operating mode, the first con-
nection region is the source region or the tunnel connection
region. In the tunnel operating mode, the other connection
region of the first FET is the drain region. Hereinafter, field
effect transistors having drain and source regions which are
doped in accordance with mutually different doping types,
irrespective of the mode of operation, are referred to as tunnel
field effect transistors.

The undoped or the so-called intrinsically conducting (in-
trinsic) adjacent region has a doping of, for example, less than
10" or 10** doping atoms per cm® (cubic centimeter), that is
to say a doping which arises e.g. as a result of unavoidable
impurities during the production of high-purity semiconduc-
tor materials. In order to enable good tunneling, the tunnel
connection region (source) should have a steep doping gra-
dient and a high dopant concentration, for example a maxi-
mum dopant concentration of greater than 10°° or greater than
10?! dopant atoms per cm’. A lower dopant concentration is
possible, however.

In one type of first FETs, the adjacent region is formed by

the further connection region of the first FET, the further
connection region being doped in accordance with the second
doping type. The dopant concentration in the further connec-
tion region is for example greater than 10°° dopant atoms per
cm’.
In another type of first FETs, the further connection region
of the first FET adjoins the adjacent region, such that the
adjacent region forms a channel forming region. The further
connection region is doped in accordance with the second
doping type, for example with a maximum dopant concentra-
tion of greater than 10?° dopant atoms per cm®. In this case,
the adjacent region is undoped or more lightly doped, for
example by at least one power of ten, in comparison with the
further connection region. In both cases, the current of the
device is controlled by the voltage applied to the controlling
region.

It is an object of the invention to specify a simply con-
structed integrated circuit arrangement comprising tunnel
FETs, the electrical properties of the circuit arrangement or
the electrical properties of the tunnel FETs being improved,
in particular with regard to the leakage current, the power loss
and the overlap capacitance, and in particular by virtue of a
smaller chip area required.

This object is achieved by means of a circuit arrangement
comprising the features mentioned in patent claim 1. Devel-
opments are specified in the subclaims.

In particular, the object specified above is achieved by
virtue of the fact that the integrated circuit arrangement con-
tains, alongside the first or the tunnel FET, a further FET, in
which the connection regions are doped in accordance with
the same doping type, that is to say for example in accordance
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with the first doping type or in accordance with the second
doping type. The connection regions (source and drain) of the
further field effect transistor are referred to hereinafter as
third connection region and fourth connection region, respec-
tively. A channel forming region is arranged between the
connection regions of the further FET, said channel forming
region being undoped or doped in accordance with a different
doping type than the third connection region. Moreover, the
further FET contains a further control region or a further gate
and also an electrically insulating further dielectric region or
a gate dielectric between the further gate and the channel
forming region. The gate dielectric region of the tunnel FET
has an equivalent silicon dioxide thickness that is at least 50
percent or at least 100 percent greater than the equivalent
silicon dioxide thickness of the further gate dielectric region.
The equivalent silicon dioxide thickness (EOT—equivalent
oxide thickness) is calculated in accordance with the follow-
ing formula:
..~ SI0)/E (X)L,

equ

where t,, is the equivalent silicon dioxide thickness,
€,(8102) is the relative permittivity of silicon dioxide, €,(x)
is the relative permittivity of the material used as gate dielec-
tric, and t,_ is the thickness of the material used as gate dielec-
tric. The formula for the equivalent silicon dioxide thickness
can also be applied to layer stacks, for each layer the equiva-
lent silicon dioxide layer thickness being calculated and t,_,,
subsequently being summed over the calculated thicknesses.
In particular, the formula can also be applied to silicon diox-
ide, the equivalent thickness being equal to the physical thick-
ness.

The development is based on the consideration that tunnel
FETs, on account of the reverse direction operating mode,
have a smaller leakage current in comparison with conven-
tional FETs comprising drain and source regions having the
same doping type. However, said leakage current can be
reduced even further if the equivalent silicon dioxide thick-
ness of the gate dielectric of the tunnel FET is increased. On
account of the outstanding short channel properties of the
tunnel FET, there is leeway in the choice of the thickness of
the gate dielectric, in which case, despite an increased dielec-
tric thickness, the control effect on the tunnel junction is still
great enough that a transistor having outstanding or very good
electrical properties arises, in particular with regard to the
switch-off current, the switch-on current, the subthreshold
voltage rise, etc. Since FETs comprising drain and source
regions having the same doping type do not exhibit such good
short channel properties, however, there is no leeway there for
increasing the equivalent silicon dioxide thickness, so that a
smaller equivalent silicon dioxide thickness is used there than
in the tunnel FET. For comparison, reference is made for
example to FETs having gate lengths identical to one another
orhaving gate lengths which differ only by —20 percent to +20
percent or by —10 percent to +10 percent relative to the gate
length of the tunnel FET. An upper limit for increasing the
equivalent silicon dioxide thickness of the tunnel FET is for
example 300 percent or 200 percent of the equivalent silicon
dioxide thickness of the FET comprising drain and source
regions having the same doping type.

The larger equivalent silicon dioxide thickness also
reduces parasitic capacitances, for example between the gate
and the first or tunnel connection region, with the result that
the electrical properties of the tunnel FET are improved fur-
ther. On account of the larger equivalent silicon dioxide thick-
ness, it is also possible, when reducing the smallest minimal
dimensions of the tunnel FET, to delay the transition to
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dielectrics having higher dielectric constants. Silicon dioxide
can thus continue to be used. As a result, the process costs are
low.

On account of the thicker dielectric of the tunnel FET, the
gate leakage current is reduced, with the result that the power
consumption of the tunnel FETs is reduced in comparison
with tunnel FETs without an additionally thickened gate
dielectric and also in comparison with FETs having a thin
gate dielectric and without a tunnel operating mode.

In one development of the invention, the tunnel FET is
arranged in a memory cell array of a memory unit containing
a multiplicity of memory cells, e.g. millions of memory cells
or more than a billion (10°) memory cells. The memory unit
is for example an SRAM (Static Random Access Memory) or
a DRAM (Dynamic Random Access Memory). The further
FET is arranged in a word line or bit line decoder of the
memory unit. As an alternative, the further FET is situated in
an amplifier circuit connected to a bit line, said amplifier
circuit also being referred to as sense amplifier. In this devel-
opment, the reduction of the power consumption of the inte-
grated circuit arrangement is particularly high on account of
the multiplicity of tunnel FETs. For driving or reading the
memory cell array, FETs comprising drain and source regions
having the same doping type are used which, on account of
the absence of a so-called body tie, enable a turn-oft without
discharge of the substrate and hence with small capacitances.
The number of peripheral transistors is small in comparison
with the number of transistors in the memory cell array, so
that an increased leakage current is acceptable here.

In an alternative development, the tunnel FET and the
further FET are arranged in a logic basic circuit, in particular
ina NAND, NOR, AND, OR circuit or an inverter circuit. The
tunnel FETs afford the possibility, in particular, of achieving
a contact-connection of the channel forming region without
additional measures. In particular, those FETs of the logic
basic circuits which are switched on in the operating state of
the logic basic circuit that is assumed the most frequently are
formed as tunnel FETs having a thicker gate dielectric.

In a next development, the tunnel FETs are arranged in a
subcircuit of the integrated circuit arrangement which is not
turned off in a standby operating mode, e.g. in a so-called
wake-up circuit. The FET comprising the drain region and the
source region having the same doping type is situated, by
contrast, in a part of the integrated circuit arrangement which
is turned off, such that larger leakage currents do not consti-
tute a disturbance here.

In another development, the tunnel FET and the further
FET are arranged in subcircuits of the integrated circuit which
are arranged on the same operating potential lines. On
account of the identical operating voltages at the two transis-
tors, the gate dielectric thicknesses thereof are comparable
with one another.

In a next development of the invention, the tunnel FET and
the further FET are arranged in subcircuits of the integrated
circuit arrangement which are operated with the same oper-
ating voltages or with mutually different operating voltages,
the operating voltage for the tunnel FET lying within the
range of —50 percent to 100 percent relative to the operating
voltage for the further FET. This means that the two transis-
tors are comparable with one another in particular over their
operating voltage range. In accordance with the relationship
specified above, the tunnel FET is in particular not a so-called
high-voltage component, which is operated for example with
an operating voltage of greater than 3 volts or greater than 5
volts. Moreover, the tunnel field effect transistor is in particu-
lar not an input/output component or /O component, which is
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connected to an external terminal of the integrated circuit
arrangement directly or only via a resistance.

In a next development, the tunnel FET and the further FET
have essentially the same structure apart from the doping type
of source or drain region and apart from the different gate
dielectric thickness, such that as many of the following fea-
tures as possible match in these two transistors: the contact
area of a metallization to the tunnel connection region is
identical to the contact area of a metallization to the source
region or to the drain region of the further FET, the contact
area of a metallization to the control region of the tunnel FET
is identical to the contact area of a metallization to the control
region of the further FET, spacers or electrically insulating
spacer elements at the control region of the tunnel FET and at
the control region of the further FET have the same form and
the same materials among one another, if an SOI substrate
(silicon on insulator) is not used, a well doping below the
tunnel FET is equal to a well doping below the further FET, a
thickness of the control regions and of the material of the
control regions is identical in both transistors, and the tunnel
connection region or the further connection region of the
tunnel FET has the same doping profile as a connection region
of the further FET.

If all of the features mentioned match, for example, then
both FETs can be produced by means of the same CMOS
process sequence (complementary metal oxide semiconduc-
tor), only two additional method steps having to be per-
formed.

In a next development, both transistors are situated on the
same substrate, in particular on the same monocrystalline
semiconductor substrate. However, the substrate can also
comprise other materials, in particular electrically insulating
materials, such as e.g. silicon dioxide, quartz or ceramic.
Since both FETs are arranged on the same substrate, they can
also have been produced by means of identical production
steps. The substrate is homogeneous in the lateral direction,
such that there are in particular no interruptions caused by
mechanical separating operations or by filling material
between the two transistors, as would be the case for example
for transistors on different substrates of a multi-chip sub-
strate.

In another development, the connection regions of the first
or tunnel FET are arranged at the same distance from the
substrate at which the integrated circuit arrangement is
formed, in particular from a monocrystalline semiconductor
substrate or from an SOI substrate. The distance refers for
example to that edge of the respective connection region
which lies closest to the substrate. By way of example, the
distance from a planar rear side of the substrate is measured,
measurement being effected along or against the direction of
the normal to the rear side. To put it another way, the arrange-
ment of the connection regions at the same distance from the
substrate brings about a lateral current flow between the two
connection regions. In contrast to a transistor with a vertical
current flow, the transistor with a lateral current flow requires
a larger chip area, if appropriate, but this is acceptable on
account of the small dimensions of the channel forming
region, of less than 20 nm or less than 15 nm for example, or
onaccount ofthe absence of a channel forming region, or is of
virtually no consequence on account of the vertically
arranged current channel. Moreover, the first insulation
region and the first control region are arranged laterally with
respect to the first or tunnel connection region, that is to say at
a smaller distance than that edge of the first or tunnel connec-
tion region which is remote from the substrate. The lateral
arrangement of the control region makes it possibleto achieve
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small overlap capacitances with respect to the two connection
regions of the first or tunnel FET.

In a next development, the connection regions are arranged
at a fin composed of semiconductor material, the fin having in
particular a height greater than half its width, greater than 90
percent of its width, in particular equal to its width, or greater
than its width, in particular more than twice as great. The fin
is not restricted to these dimensions, but rather can also have
a square or trapezoidal cross section or have a height less than
its width. By way of example, the width of the fin is less than
50 nm (nanometers) or even less than 10 nm. The fin projects
beyond the substrate and has a cross section in the direction of
the normal to the substrate and at an angle of 90° with respect
to the longitudinal axis of the fin which is rectangular or
trapezoidal, for example.

It is advantageous to round the corners of the fin by means
of an additional thermal step, in which the semiconductor
material of the fin is momentarily heated up to the melting
point, e.g. by means of RTP (rapid thermal processing), or
RTA (rapid thermal annealing), by means of RLA (rapid laser
annealing), or by means of some other method. Thus, in the
case of silicon semiconductor material, for example, heating
up to a temperature of greater than 1000 degrees Celsius takes
place. As an alternative, the connection regions are formed at
a cylindrical semiconductor material. The semiconductor
material is preferably monocrystalline; in particular, monoc-
rystalline silicon is used. The transistor forms mentioned
afford the possibility of arranging gate regions at a plurality of
sides of the semiconductor material. Moreover, parasitic
capacitances can be kept low in comparison with transistors
with a vertical current flow.

In a next development, the first or tunnel FET contains a
second control region, which is insulated from the channel
forming region or from the first or tunnel connection region
by an electrically insulating second dielectric region. The two
dielectric regions are arranged at mutually remote sides of the
channel forming region or the boundary region between first
or tunnel connection region and adjacent region. In one con-
figuration, the second dielectric region has the same equiva-
lent silicon dioxide thickness as the first dielectric region.

This development makes it possible to combine the advan-
tages of a multiple gate FET with the advantages of a tunnel
FET. Thus, a multiple gate FET makes it possible to influence
the channel forming region or the tunnel connection region
better. In contrast to conventional multiple gate FETs, the
tunnel FET in accordance with the development affords the
possibility of choosing the gate dielectric thickness to be
comparatively large, because in the tunnel FET short channel
effects do not have to be eliminated by reducing the thickness
of the gate dielectric. The gate leakage current is reduced on
account of the larger gate dielectric thickness. A further
advantage is the reduced overlap or an overlap at a greater
distance of gate and channel forming region or connection
region. This means that the overlap capacitances decrease and
the dynamic electrical properties of the tunnel FET are par-
ticularly good. In comparison with planar tunnel FETs, the
multiple gate tunnel FET has a larger channel width, such that
the switch-on current rises. The substrate control on a number
of sides enables the leakage current to be reduced further.

This development also affords advantages if the gate
dielectric of the first or tunnel FET has the same thickness as
the gate dielectric of another FET of the integrated circuit
arrangement, the other FET having source and drain having
the same doping type. In particular, the gate dielectric of the
further field effect transistor is the thinnest gate dielectric in
the integrated circuit arrangement. However, particularly low
leakage currents and particularly low overlap capacitances
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result if the gate dielectric of the first or tunnel FET is made
thicker than in other FETs of the integrated circuit arrange-
ment. The object mentioned above is achieved through com-
bining the working principles of the first or tunnel FET TFET
with the principles of amultiple gate FET. The structure of the
tunnel FET, that is to say the gate-controlled diode operated in
the reverse direction, enables an extremely small leakage
current and also a reduction of the channel length to values of
less than 20 nm (nanometers), less than 15 nm or even less
than 10 nm. On account of the reduced short channel effects,
the requirements made of the thickness of the gate dielectric
are reduced in comparison with standard MOS components
(metal oxide semiconductor). The parasitic capacitances are
indirectly proportional to the thickness of the gate dielectric,
such that the overlap and channel capacitances are reduced. A
gate dielectric with a large dielectric constant is not necessary,
in particular not with a dielectric constant of greater than 4 or
greater than 8. Simple production processes can thus be used.

The thicker gate dielectric of the tunnel FET reduces the
gate leakage current, which, for its part, reduces the power
consumption, in particular in comparison with a standard
MOSFET. The channel length of the tunnel FET can be
reduced further than the channel length of a standard MOS-
FET.

The multiple gate tunnel FET has an increased channel
width or a plurality of channels, in particular at mutually
opposite sides of a channel forming region, such that the
switch-on current is increased in comparison with a planar
tunnel FET. The entire substrate, that is to say the entire
channel forming region, is controlled by the control region of
the transistor, such that a smaller leakage current occurs in
comparison with a planar tunnel FET containing a spatial
diode. If the body region containing the channel forming
region is very narrow, a fully depleted body region is
obtained. If the body region is thicker, then a partially
depleted body region arises which, however, is connected on
account of the possibly identical doping type of a further
connection region and body region, that is to say has a so-
called body tie. Effects on account of a floating potential in
the channel forming region, that is to say on account of a
so-called floating body effects, are reduced on account of the
two measures.

A major advantage of the tunnel FET with multiple gate in
comparison with a multiple gate FET comprising source and
drain regions having the same doping type is the reduction of
short channel effects, which permits the gate dielectric to be
produced thicker. In comparison with components in which
the current flow is vertical, the parasitic capacitances in tran-
sistors with a lateral current flow are small on account of the
gate-drain or gate-source overlap. Consequently, the perfor-
mance or the speed of digital, and in particular also of analog,
circuits is increased. High-speed analog and digital circuits
can thus be produced.

Ina next development, the first control region s electrically
conductively connected to the second control region. In an
alternative development, the two control regions are electri-
cally insulated from one another. By way of example, one
control region serves for setting a threshold voltage, while the
other control region performs the function of a gate. As an
alternative, a logic switching function, for example a logic
OR function is realized by the use of the two control regions
electrically insulated from one another.

In configurations, there are further control regions at the
channel forming region or at the boundary between the tunnel
connection region and adjacent region. Further logic switch-
ing functions can thus be realized in a simple manner. How-
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ever, other applications, for example, multipliers, can also
thus be realized in a simple manner.

Exemplary embodiments of the invention are explained
below with reference to the accompanying drawings, in
which:

FIG. 1 shows a first exemplary embodiment with a planar
tunnel FET containing a channel forming region,

FIG. 2 shows a second exemplary embodiment with a
planar tunnel FET not containing a channel forming region,

FIG. 3 shows a third exemplary embodiment with a tunnel
FinFET transistor,

FIG. 4 shows a fourth exemplary embodiment with a tunnel
FinFET transistor containing a plurality of control electrodes,

FIG. 5 shows a circuit diagram of an inverter circuit,

FIG. 6 shows a circuit diagram of a NAND circuit, and

FIG. 7 shows a circuit diagram of an SRAM memory unit.

FIG. 1 shows a first exemplary embodiment with a planar
tunnel FET T1 and with a planar FET T2, both of which are
arranged on a monocrystalline semiconductor substrate 12,
for example on a silicon substrate. As an alternative, the two
transistors T1 and T2 are arranged on an SOI substrate 14 or
on some other substrate. The two transistors T1 and T2 are
part of an integrated circuit arrangement 10, during the pro-
duction of which a multiplicity of process steps serve simul-
taneously for producing the transistor T1 and for producing
the transistor T2. The transistors shown in FIGS. 1 to 3 can be
arranged adjacent to one another or further away from one
another, such that further components are arranged between
the transistors respectively illustrated.

The transistor T1 contains a gate dielectric GD1, which is
composed of silicon dioxide, for example, and has a thickness
H1 of 2.2 nm, for example. At that side of the gate dielectric
GD1 which faces the substrate 12, a heavily n-doped drain
region D1, an intrinsic region i and a heavily p-doped source
region S1 are arranged in a monocrystalline semiconductor
material. The intrinsic region i is arranged between the drain
region D1 and the source region S1 and is also referred to as
channel forming region 20.

In the exemplary embodiment, the channel forming region
20 is covered by a gate electrode G1, e.g. composed of highly
doped polycrystalline silicon or of metal, on that side of the
gate dielectric GD1 which is remote from the substrate 12.
The gate electrode GG1 serves for controlling the operations at
a tunnel junction T that arises at the boundary between chan-
nel forming region 20 and source region S1 if a sufficiently
positive gate voltage is applied to the gate electrode G1.

In an alternative exemplary embodiment, the channel
forming region 20 is weakly p-doped, such that the tunnel
junction T is formed if an inversion channel is formed at the
surface of the channel forming region 20 as a result of a
positive gate voltage. In a next exemplary embodiment, the
doping type in the drain region D1 and in the source region S1
is opposite to the doping types illustrated in FIG. 1. In this
case, 100, an intrinsically conducting channel forming region
20 or a weakly p-doped channel forming region 20 can be
used.

An extension region ED1 or a so-called extension is
optionally formed at the drain region D1, in particular using a
spacer or spacer element at the gate electrode G1. FIG. 1
additionally illustrates a direction N of the normal to the
planar substrate surface of the substrate 12. A gate length LL
shows the extent of the gate electrode G1 in the lateral direc-
tion. In the exemplary embodiment, the gate length L is 40
nm, for example.

Furthermore, FIG. 1 shows a gate connection 22, which is
formed for example from a metallic material, for example
from tungsten. A drain connection 24 serves for making con-
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tact with the drain region D1 and is composed of the same
material as the gate connection 22.

The transistor T2 contains a gate dielectric GD2, which, in
the exemplary embodiment, is composed of silicon dioxide
and has a thickness H2 of 1.6 nm, for example. In the exem-
plary embodiment, the gate dielectric GD2 (or GD4 or GD6
as shown in FIG. 2 or 3) is the thinnest gate dielectric in the
integrated circuit arrangement. At that side of the gate dielec-
tric GD2 which faces the substrate 12, in the following order
a heavily n-doped source region S2, a weakly p-doped chan-
nel forming region 30 and a heavily n-doped drain region D2
are formed in a silicon semiconductor material. The channel
forming region 30 is covered by an electrically conductive
gate electrode G2, which is composed e.g. of doped polycrys-
talline silicon, at that side of the gate dielectric GD2 which is
remote from the substrate 12. Optionally, both at the source
region S2 and at the drain region D2 it is possible to form
extension regions ES2 and ED2, respectively, which have a
lower dopant concentration than the source region S2 and
than the drain region D2 but are doped in accordance with the
same doping type as the respectively adjoining source region
S2 and drain region D2. FIG. 1 illustrates a gate connection 32
for the gate G2. The gate connection 32 is formed from a
metallic material, for example. Moreover, FIG. 1 illustrates a
source connection 34. All the connections 22, 24,32, 34 of the
transistors T1 and T2 have identical diameters W1, W2, W3
and W4, respectively. The gate lengths of the gate electrodes
G1 and G2 also match

The gate dielectric thickness GD1 was therefore deliber-
ately chosen to be greater than the gate dielectric thickness
GD2. Nevertheless, both transistors T1 and T2 have very
good electronic properties, the leakage current of the transis-
tor T1, however, being particularly small.

FIG. 2 shows a second exemplary embodiment with a
planar tunnel FET T3 and with a planar FET T4, which are
both part of an integrated circuit arrangement 110. The inte-
grated circuit arrangement 110 is formed on a monocrystal-
line semiconductor substrate 120. An SOI substrate 114 is
used as an alternative. In contrast to the tunnel transistor T1,
the tunnel transistor T3 does not contain a channel forming
region. The transistor T3 contains a gate dielectric GD3,
which, in the exemplary embodiment, is composed of silicon
dioxide and has a thickness H3 of 2.2 nm. On that side of the
gate dielectric GD3 which faces the substrate 120, a drain
region D3 having a high n-type dopant concentration and a
heavily p-doped source region S3 are arranged in a semicon-
ductor material. The drain region D3 adjoins the source
region S3 at an interface 40 lying in the direction N of the
normal to the substrate 120. A gate electrode G3 is arranged
at that side of the gate dielectric GD3 which is remote from
the substrate 120, said gate electrode having for example the
same gate length as the gate electrode G1, see dashed line 42.
As an alternative, the gate electrode G3 has a shorter gate
length, however, because it only has to influence the tunnel
junction at the interface 40. In this case, the gate electrode G3
is patterned for example with the aid of a spacer technique.

The transistor T4 is constructed like the transistor T2, and
so reference is made to the explanations above. In particular,
the transistor T4 contains a gate dielectric GD4 composed of
silicon dioxide, a source region S4, a channel forming region
50 and also a drain region D4. Extension regions ES4 and
ED4 are optionally present. The transistor T4 contains a gate
electrode G4 formed like the gate electrode G2. In other
exemplary embodiments, the doping types used for the tran-
sistors T3 and T4 in the drain regions and source regions and
in the channel forming region 50 are opposite to those illus-
trated in FIG. 2.
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In the tunnel transistor T3, too, the thickness H3 of the gate
dielectric GD3 is greater than the thickness H4 of the gate
dielectric GD4 of the transistor T4, where H4 e.g. is again 1.6
nanometers or only 1.3 nanometers. Both transistors T3 and
T4 have very good electrical properties, but a particularly
small leakage current can be achieved by the targeted increase
in the thickness of the gate dielectric GD3 at the transistor T3.

FIG. 3 shows a third exemplary embodiment, in which a
tunnel FET T5 and a FET T6, which operates only with a
channel control, are arranged in an integrated circuit arrange-
ment 148 that has been produced on a single substrate 150.
Both transistors T5 and T6 are so-called FinFET transistors,
that is to say transistors which are formed at a fin F1 and at a
fin F2, respectively, composed of semiconductor material. In
the exemplary embodiment, the fins F1 and F2 have identical
dimensions since they have been produced by means of the
same processes. In particular, the widths B and also the
heights H of the fins F1 and F2 are identical. In the exemplary
embodiment, the width of the fin F1 is 40 nm, for example.
The height H of the fin F1 is 130 nm, for example. In other
exemplary embodiments, the width of the fin is less than 40
nanometers and the height is less than 130 nanometers.

The transistor T5 contains a heavily p-doped drain region
D5 and a heavily n-doped source region S5. A gate electrode
G5 is insulated from the fin F1 laterally and toward the top by
a gate dielectric GDS5.

The transistor T6 contains a heavily p-doped drain region
D6 and a heavily p-doped source region S6. A gate electrode
G6 is arranged laterally and above the fin F2 of the transistor
T6. A gate dielectric GD#6 is arranged between the gate elec-
trode (G6 and a channel forming region or an interface of drain
D5 and source S5 in the fin F2. The equivalent silicon dioxide
thickness of the gate dielectric GD5 is at least 50 percent
greater than the equivalent silicon dioxide thickness of the
gate dielectric GD6, for example at a sidewall of the fin F1 or
of'the fin F2. On account of the thicker gate dielectric GDS at
the tunnel FET, the leakage current of the transistor T5 can be
kept particularly small without the electrical properties of the
transistor T5 being adversely affected to an excessively great
extent.

In other exemplary embodiments, given the same doping in
the transistor T6, in the transistor T5 the drain region D5 is
heavily n-doped and the source region S5 is heavily p-doped.
In other exemplary embodiments, the transistor T6 is embod-
ied as an n-channel transistor. The channel forming region of
the transistor T5 is intrinsically conductive or weakly doped
in accordance with the doping type with which the drain
region D5 is also doped.

In another exemplary embodiment, the tunnel transistor TS
is used without there being identically configured transistors
T6 which operate without a tunnel effect or which have drain
regions D6 and source regions S6 of the same doping type.
Independently of the thickness of the gate dielectric GDS5, the
transistor T5 then has the effect of increasing the controlla-
bility of the tunnel junction and of enabling a high switch-on
current, in particular in comparison with planar tunnel tran-
sistors. Furthermore, the overlap capacitances between gate
G5 and drain D5 or between gate G5 and source S5 are small,
in particular in comparison with tunnel FETs with a vertical
current flow.

FIG. 4 shows a fourth exemplary embodiment of a circuit
arrangement 158 containing a tunnel FET T7. The tunnel FET
T7 contains, at a fin F3, aheavily p-doped drain region D7 and
also a heavily n-doped source region S7. A gate electrode G7a
is arranged laterally with respect to the fin F3, said gate
electrode being isolated from a channel forming region or
from an interface between the drain region D7 and the source
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region S7 by a gate dielectric. In one exemplary embodiment,
there is only the gate electrode G7a at the transistor T7. By
contrast, in a further exemplary embodiment, there is also a
further gate electrode G75 at that side of the channel forming
region or the interface which is remote from the gate electrode
G7a, said further gate electrode either being arranged elec-
trically conductively with the gate electrode G7a or being
arranged in a manner electrically insulated from the gate
electrode G7a.

In a next exemplary embodiment, in addition to the gate
electrodes G7a, G7b there is also another gate electrode G7¢
above the channel forming region or above the interface and
optionally a gate electrode G7d below the channel forming
region or below the interface. In one exemplary embodiment,
all the gate electrodes G7a to G7d are electrically conduc-
tively connected to one another. In another exemplary
embodiment, all the gate electrodes G7a to G7d are electri-
cally insulated from one another, thereby opening up particu-
lar applications.

Particularly inthe case of a tunnel FET T7 having a channel
forming region, it is also possible for a plurality of gate
electrodes G7¢ and G7d to be arranged along the channel, one
gate electrode G7¢ influencing the tunnel junction and the
other gate electrode G7d influencing only the formation of the
channel but not the tunnel junction. This also gives rise to new
applications, for example for logic basic circuits such as OR,
AND and NOR or NAND circuits. Analog signal mixing
circuits can also be realized in a simple manner with the aid of
the transistor T7.

All of the variants explained with reference to FIG. 4 can
also be embodied with opposite doping types at the drain D7
and source S7. The channel forming region of the transistor
T7 is either intrinsically conducting or weakly doped.

In the case of the transistor T7 explained with reference to
FIG. 4, the gate thickness can be increased in comparison
with other transistors of the circuit arrangement 158. How-
ever, this is not mandatory since other particular technical
effects also result, in particular with regard to the overlap
capacitances, with regard to the switch-on current, etc.

Applications for the transistors T1 and T2, T3 and T4 or T5
and T6, and also T7, are explained in more detail below with
reference to FIGS. 5t0 7.

FIG. 5 shows a circuit diagram of an inverter circuit 200.
The inverter circuit 200 contains a p channel FET T200, the
source region S of which is doped in accordance with the
same doping type as the drain region D of the FET T200,
namely in accordance with the p doping type. Moreover, the
inverter circuit 200 contains an n channel tunnel FET T202,
the drain region D of which is doped in accordance with a
different doping type than the source region of the FET T202;
by way of example, the drain region D is n doped and the
source region S is p doped. The transistor T200 is constructed
e.g. like the transistor T2, T4 or T6, while the transistor T202
is constructed like the transistor T1, T3 or T5. The operating
paths of the transistors T200 and T202 are in turn connected
in series. The source region S of the FET T200 is at a positive
potential V1 or VDD. The drain regions D of the transistors
T200 and T202 are electrically conductively connected to one
another and to an output line 212 of the inverter circuit 200.
The source region S of the FET T202 is connected to a ground
potential V2 or VSS. The gate electrodes G of the FETs T200
and T202 are electrically conductively connected to one
another and to an input line 210 of the inverter circuit 200.

The inverter circuit 200 explained with reference to FIG. 5
is a so-called push-pull inverter circuit. The method of opera-
tion of these circuits is not changed by the use of the tunnel
FET T202. However, the leakage current of the transistor



US 9,219,063 B2

11

T202 falls on account of the thicker gate dielectric in com-
parison with the transistor T200 given comparable other elec-
trical properties of the two transistors.

In another exemplary embodiment, the transistor T202 is
embodied as a tunnel FET. The tunnel FETs afford the advan-
tage that the leakage current falls, with the result that the
current consumption of the integrated circuit arrangement is
reduced. Moreover, the tunnel FETs afford a simple possibil-
ity for realizing a space-saving contact-connection to the
channel forming region possibly present. In the exemplary
embodiment explained with reference to FIG. 5, too, the
tunnel FET T202 has a larger equivalent silicon dioxide thick-
ness in comparison with the transistor T200.

In a further exemplary embodiment two inverters 200 are
connected up to form a transfer gate.

FIG. 6 shows a circuit diagram of a NAND circuit 300,
which contains an inverter comprising an n-channel transistor
T301 and comprising a p-channel transistor T302 and also an
inverter comprising an n-channel transistor T303 and com-
prising a p-channel transistor T304. The inverter comprising
the transistors T301 and T302 is connected to an input con-
nection A. The inverter comprising the transistor T303 and the
transistor T304 is connected to an input connection B. The
circuit 300 has an output line Z. The circuit diagram of the
NAND circuit 300 is known. However, in the circuit arrange-
ment 300, in contrast to known circuit arrangements, the
transistor T303, that is to say the n-channel transistor con-
nected to the ground potential VSS on the source side, is
embodied as a tunnel FET having a larger dielectric thickness
in comparison with the other transistors T301, T302 and
T304. By way of example, the transistor T303 is constructed
like the transistor T1, the transistors T301, T302 and T304
being constructed like the transistor T2. As an alternative, the
transistor T303 is constructed like the transistor T3 or T5,
while the other transistors of the inverter 300 are constructed
like the transistor T4 or T6. The transistors T301, T302 and
T304 are not tunnel FETs. In another exemplary embodiment,
the transistors T302 and T304 are also formed as tunnel FET's
having a larger gate thickness than the transistor T301, which
is not a tunnel FET. This means that all the transistors T302,
T303 and T304 lying directly on operating voltage lines are
embodied as tunnel FETs having a thickened gate dielectric
and a current-saving mode of operation results.

FIG. 7 shows a circuit diagram of an SRAM memory unit
400. The construction of the memory unit is known in prin-
ciple. Thus, the memory unit contains a multiplicity of
memory cells 402 which are all constructed identically and
extend in a bit line direction, see dots 404, and which also
extend in a word line direction, see memory cells 406. Con-
sequently, the memory cells 402, 404 and 406 form a matrix
of memory cells. A bit line decoder 408 serves for decoding a
binary address datum onto a bit line pair BL1 to BLm with
associated inverse bit lines BLB1 to BLBm. A word line
decoder 410 serves for decoding a binary address datum onto
a word line WL1 to WLn.

Moreover, the memory unit also contains a sensor circuit
arrangement 412, which is also referred to as sense amplifier,
and which is connected to the bitlines BL.1 to BLm and BLB1
to BLBm. The sensor circuit 412 contains e.g. a multiplicity
of flip-flops or so-called latches, with the aid of which the
signal state on a bit line pair BL1, BLB1 can be reliably
detected.

In contrast to known circuit arrangements, however, the
memory cells 402 to 406 are in each case produced from six
tunnel transistors T400 to T410 having e.g. the same con-
struction as the transistor T1, T3 or T5. The transistors T400
and T402 form a first inverter, which is cross-connected up to
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an inverter comprising the transistors T404 and T406 in a
known manner, such that a flip-flop or a latch results. Gate
electrodes of the transistors T408 and T410 are connected to
the same word line, to the word line WLn in the exemplary
embodiment, where n is a natural number for designating the
respective word line.

The FETs in the bit line decoder 408, in the word line
decoder 410 and in the sensor circuit 412 are not tunnel FETSs,
however, and have a thinner gate dielectric than the tunnel
transistors T400 to T410 of the memory cells 402, 404 and
406. By way of example, the peripheral transistors are con-
structed like the transistor T2, T4 or T6. On account of the use
of tunnel FETs having a comparatively large gate dielectric
thickness, the current consumption of the memory unit 400 is
considerably reduced in comparison with known memory
arrangements.

The transistor T7 is used in other exemplary embodiments,
for example in place of the NAND circuit 300.

To summarize, it holds true that transistor structures are
proposed which exhibit, inter alia, a combination of tunnel
FET components with multiple gate structures. These struc-
tures overcome physical limits of standard FETs and of stan-
dard FinFETs or of so-called bulk tunnel FETs. Some of the
structures proposed are quasi-vertical, that is to say that the
component, in particular the channel forming region or the
interface, is arranged in a projection of a substrate, but the
current flows parallel to a surface of the substrate or in the
lateral direction.

What is claimed is:

1. A semiconductor device comprising:

a first doped region of a first doping type disposed in a

semiconductor body;

a first extension region of the first doping type disposed in
the semiconductor body abutting the first doped region;

a second doped region of a second doping type disposed in
the semiconductor body;

a first intrinsic region disposed between the first doped
region and the second doped region;

a first gate dielectric layer disposed over the semiconductor
body;

a first control region disposed over the first gate dielectric
layer, wherein the first control region overlaps with the
first extension region and the first intrinsic region,
wherein the first doped region, the first extension region,
the second doped region, the intrinsic region, the first
gate dielectric layer and the first control region are part
of a tunnel transistor; and

a field effect transistor disposed in and/or over the semi-
conductor body, the field effect transistor comprising a
second gate dielectric layer, wherein the second gate
dielectric layer is thicker than the first gate dielectric
layer, wherein the tunnel transistor and the field effect
transistor form an inverter circuit.

2. The device of claim 1, wherein the tunnel transistor is a

planar transistor.

3. The device of claim 1, wherein the tunnel transistor is a
fin field effect transistor (FINFET) comprising a fin.

4. The device of claim 1, further comprising:

a third doped region of the first doping type disposed in the

semiconductor body;

a second extension region of the first doping type disposed
in the semiconductor body, wherein the second exten-
sion region abuts the third doped region;

a fourth doped region of the first doping type disposed in
the semiconductor body;

a third extension region of the first doping type disposed in
the semiconductor body;
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a first channel region of the second doping type disposed
between the third doped region and a fourth doped
region,

wherein the second gate dielectric layer is disposed over
the first channel region; and

a second control region disposed over the second gate
dielectric layer.

5. The device of claim 1, wherein the first gate dielectric
layer has an equivalent silicon dioxide thickness that is at least
50 percent greater than the equivalent silicon dioxide thick-
ness of the second gate dielectric layer.

6. A semiconductor device comprising

a tunnel field effect transistor disposed in and/or over a
substrate, the tunnel field effect transistor comprising a
first gate dielectric layer of a first equivalent silicon
dioxide thickness; and

a field effect transistor disposed in and/or over the sub-
strate, the field effect transistor comprising a second gate
dielectric layer of a second equivalent silicon dioxide
thickness, wherein the first equivalent silicon dioxide
thickness is greater than the second equivalent silicon
dioxide thickness, wherein the tunnel field effect tran-
sistor comprises a drain region of a first doping type
coupled to a drain region of the field effect transistor
having a second doping type opposite to the first doping
type, and wherein the tunnel field effect transistor and
the field effect transistor are part of an inverter circuit.

7. The device of claim 6, wherein the tunnel field effect
transistor comprises:

a first doped region of a first doping type disposed in a

semiconductor body;

a first extension region of the first doping type disposed in
the semiconductor body abutting the first doped region;

a second doped region of a second doping type disposed in
the semiconductor body;

a first intrinsic region disposed between the first doped
region and the second doped region,

wherein the first gate dielectric layer is disposed over the
semiconductor body; and

a first control region disposed over the first gate dielectric
layer, wherein the first control region overlaps with the
first extension region and the first intrinsic region,
wherein the first doped region, the first extension region,
the second doped region, the intrinsic region, the first
gate dielectric layer and the first control region are part
of a tunnel transistor.

8. The device of claim 6, wherein the tunnel field effect

transistor comprises:

a first doped region of a first doping type disposed in a
semiconductor body;

a second doped region of a second doping type disposed in
the semiconductor body, the second doped region con-
tacting the first doped region to form a p/n junction;

afirst gate dielectric layer disposed over the semiconductor
body; and

a first control region disposed over the first gate dielectric
layer, wherein the first control region overlaps with the
p/n junction, wherein the first doped region, the second
doped region, the first gate dielectric layer and the first
control region are part of a tunnel transistor.

9. The device of claim 6, wherein the tunnel field effect
transistor comprises a fin comprising a first doped region of a
first doping type and a second doped region of a second
doping type.

10. The device of claim 9, further comprising an intrinsic
region separating the first doped region from the second
doped region.
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11. The device of claim 9, wherein the first doped region
contacts the second doped region to form a p/n junction.

12. The device of claim 9, further comprising a second
control region disposed along a first sidewall of the fin,
wherein a first control region is disposed over a top surface of
the fin, a third control region disposed along a second sidewall
of the fin.

13. A semiconductor device comprising

a tunnel field effect transistor disposed in and/or over a
substrate; and

afield effect transistor disposed in and/or over the substrate
adjacent the tunnel field effect transistor, wherein the
tunnel field effect transistor comprises a drain region of
a first doping type coupled to a drain region of the field
effect transistor having a second doping type opposite to
the first doping type.

14. The device of claim 13, wherein the tunnel field effect

transistor comprises:

a first doped region of a first doping type disposed in a
semiconductor body;

a first extension region of the first doping type disposed in
the semiconductor body abutting the first doped region;

a second doped region of a second doping type disposed in
the semiconductor body;

a first intrinsic region disposed between the first doped
region and the second doped region;

a first gate dielectric layer disposed over the semiconductor
body; and

a first control region disposed over the first gate dielectric
layer, wherein the first control region overlaps with the
first extension region and the first intrinsic region,
wherein the first doped region, the first extension region,
the second doped region, the intrinsic region, the first
gate dielectric layer and the first control region are part
of the tunnel transistor.

15. The device of claim 13, wherein the tunnel field effect

transistor comprises:

a first doped region of a first doping type disposed in a
semiconductor body;

a second doped region of a second doping type disposed in
the semiconductor body, the second doped region con-
tacting the first doped region to form a p/n junction;

a first gate dielectric layer disposed over the semiconductor
body; and

a first control region disposed over the first gate dielectric
layer, wherein the first control region overlaps with the
p/n junction, wherein the first doped region, the second
doped region, the first gate dielectric layer and the first
control region are part of the tunnel transistor.

16. The device of claim 13, wherein the tunnel field effect
transistor comprises a fin comprising a first doped region of a
first doping type and a second doped region of a second
doping type.

17. The device of claim 16, further comprising an intrinsic
region separating the first doped region from the second
doped region.

18. The device of claim 16, wherein the first doped region
contacts the second doped region to form a p/n junction.

19. The device of claim 16, further comprising a second
control region disposed along a first sidewall of the fin,
wherein the first control region is disposed over a top surface
of the fin, a third control region disposed along a second
sidewall of the fin.

20. The device of claim 13, wherein the tunnel field effect
transistor and the field effect transistor are part of an inverter
circuit.



